We report a significant and persistent enhancement of the conductivity in free-standing non intentionnaly doped InAs nanowires upon irradiation in ultra high vacuum.
Introduction
Semiconductor devices are more and more relying on the integration of nanostructures to enhance their optical and electronic performances. In order to comply with a high level of quality and reliability, the controlled positioning of the nanostructures in the devices and the subsequent inspection of their integrity during the manufacturing processes require the use of high resolution analytical and imaging techniques. Devices consisting of single semiconductor nanowires (NWs) are generally not an exception to this rule. For example, the inspection, localization and connection of nanowires with electrical electrodes are hard to achieve without an electron beam [1] . However, the excitation of materials with incident electrons can stimulate a wealth of reactions that are known to modify the material properties [2, 3] . For years, the tolerance of materials and devices to a beam of electrons has indeed been of great concern in many technological applications, because electrons are known to produce defects and generate disorder in materials [4, 5, 6 ].
While outstanding performances or physical effects have been recently demonstrated with
semiconductor NWs [7, 8, 9, 10, 11] , a detailed study of the electrical modifications that are caused by electron beam irradiation is still missing. For example, contact processing or contact through a retrofitted probe are usually achieved on InAs NWs with the help of a scanning electron microscope (SEM) working with an energy beam in the range of 5 to 20 keV [12, 13] . Within this energy range, the electrons interact with the entire section of the NWs [14] . As it is well established that electron irradiation of InAs bulk material causes a Fermi level pinning high in the conduction band [15] , questions arise to determine to what extend an electron beam might change the electrical properties of InAs NWs.
A serious impediment to study the direct impact of electron irradiation on the NW conductivity resides in the presence of remote charges in the NW environment, that can electrostatically control their conductivity [16] . In order to circumvent this drawback, sophisticated characterisation techniques must be developped, based, for example, on multiple probe scanning tunneling microscopy (STM), that enable arbitrary arrangements of probe electrodes on one-dimensional nanostructures [17, 18] . Taking advantage of this technique, we therefore investigate electrical transport in non intentionnaly doped InAs NWs that were subject to electron irradiation. Upon irradiation, we find a significant and reproducible decrease of the resistivity, leading to NWs with a metallic-like character. This phenomenon is persistent in ultra high vacuum (UHV) and the NWs barely recover their initial resistivity 3 once the NWs have been exposed to air. While the transport measurements show a degradation of the mobility with the irradiation, this effect is largely counterbalanced by a strong increase of the electron concentration. Study of the NW resistivity dependence on the surface chemistry provides a compelling evidence for a conduction dominated by accumulated electrons. Such a localized increase of the electron density in the NWs, that is supported by numerical analysis, allows discriminating between the contribution of surface and bulk charged defects.
Methods
[0001]-oriented wurtzite InAs NWs were grown from gold particle seeds using gas source molecular beam epitaxy. Starting with a short InP stem grown at 410°C on InP(111)B substrates, InAs NWs were subsequently obtained by direct switch from P 2 to As 2 molecular fluxes. The NWs are of very high crystallographic quality, with only a very limited number of single stacking faults along their growth axis, as shown previously [19] . Two types of geometry were electrically investigated: interconnected NWs with conventional planar technology and free-standing NWs. For the first ones, NWs were deposited onto a degenerately-doped Si wafer with a 225 nm of thermally-grown SiO 2 layer and selected for contact processing with a scanning electron microscope at low magnification and with a short integration time. After spin-coating the sample with an electron-beam sensitive polymer, four contacts are defined along the nanowire using electron beam exposure. The oxide on the contact area was etched in a (NH 4 ) 2 S x solution just before evaporation of Ti/Au electrodes (10/150 nm thick) [20] . This step was followed by a thorough lift-off to get NWs with clean oxidized sidewalls.
As to the second type of geometry, the as-grown NWs were kept on the InP substrate. The NW mean diameter was 70 ± 9 nm, but NWs with smaller and bigger diameters could sporadically be produced. All the experiments were carried out with the same setup, consisting of a SEM and a multiprobe STM (Nanoprobe, Omicron Nanotechnology), that was operated with a control system able to run the four STM tips independently (Nanonis multiprobe control system, SPECS). The electrical measurements were performed in UHV (base pressure lower than 5x10 -10 mbar) and in the dark, always with the electron beam turned off.
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In order to investigate how the surface chemistry modifies the Fermi level pinning, three different surface treatments were applied. The NWs were either left in air for several days to ensure a complete oxidation of their sidewalls. Or, they were passivated with an ammonium sulfide solution to produce a chemisorbed S layer on their surface and, then, quickly loaded into the Nanoprobe system. Indeed this chemical strategy has been shown to efficiently remove the native oxide on the InAs (001) surfaces, offering greater chemical stability to electronic devices [21] . Finally, NWs were also capped with a thin layer of As at the end of the growth and subsequently transferred to the Nanoprobe system. The evaporation of the capping layer was achieved at 350°C, monitoring the As desorption with mass spectrometry.
This preparation was always achieved prior to the SEM inspection of the NWs and their subsequent electrical characterization. Apart from the existence of small Au clusters, that are caused by the gold diffusion along the NW sidewalls from the seed particle during the evaporation of the As capping layer, such a method allows to restore the initial crystalline surface structure of the NWs [22].
Results and discussion
The resistance of the NWs and its change with electron irradiation were first investigated for to partially restore a high resistivity (event 6). But, as soon as the NW has been again exposed to the electron beam, the resistivity returns to its low value (event 7).
As we can not rule out that the change of the resistivity could be caused by charges trapped in the surroundings of the NWs, since dielectric materials are known to efficiently retain charges in UHV [24] , similar free-standing InAs NWs with native-oxide covered sidewalls were characterized by the four-probe method. In such a configuration, four STM tips were brought into electrical contacts with the NW using the distance regulation of the STM control system under the monitoring of the SEM (Figure 2a ). Tips 1 and 3 were connected to the seed alloy 5 particle and the base of the NW, respectively. They were used as source and ground electrodes for driving the current through the NW, while the substrate was kept floating. Tips 2 and 4 were the potential probes. In most cases, the I(V) curves between a single tip and the substrate, held at ground, show an ohmic behaviour (see lower inset of Figure 2b ).
When a current is passed through a NW, the potential drop measured between the inner probes is found to be linearly proportional to the current intensity (Figure 2b ). The gradient of the curves yields the four-probe resistance of the NWs for a given separation between the inner probes. By moving the inner tips towards the center of the NW, a set of V(I) characteristics was acquired for different tip separations L. From these V(I) curves, we obtain the resistance R NW that is found to linearly increase with L, as shown in the upper inset of In order to quantify the carrier concentration in the conduction band, the field effect mobilities were estimated from gate sweeps of the source-drain current I ds at a fixed source-drain voltage V ds of 50 mV (Figure 4 ). The unmodified InAs NWs exhibit a typical n-type response with increased current at more positive back-gate voltage V g (spectrum s1). Conversely, upon irradiation, the NWs can not longer be pinched off at V g higher than -20V (spectrum s2), 6 consistent with the strong metallicity of the irradiated NWs deduced from the four-probe measurements. Then, after air exposure (spectrum s3), the resistance increases again, but the transconductance (g = dI ds /dV g ), that is related to the field effect mobility [25], gets worse.
As the change of the transconductance reveals a decrease of the mobility after irradiation, the occurence of a low resistance in the interconnected NWs as well as in the free-standing NWs is the signature of an increase of the electron concentration to compensate for the charges trapped at the NW surface or in the NW. Assuming a diffusive transport [26] and taking the value of the mobility measured after air exposure as an upper bound, we estimated the carrier concentration from the inverse of the product between the elementary charge, the measured mobility and resistivity. For the NW with a diameter of 40 nm, we find an electron concentration of 1.2x10 19 cm -3 ( Figure 4a ). As to the second NW shown in Figure 4b , which has a smaller diameter, the estimated carrier concentration is even larger, reaching [27] . In order to determine whether the Fermi level pinning arises from the formation of surface or bulk charged defects, the dependence of the NW resistivity on the surface chemistry was also investigated. In case of a stabilization of the Fermi level due to bulk charged defects, we would expect negligible modifications of the NW resistivity with the surface chemistry. As evidenced in Figure 3a , a change of the surface chemistry for irradiated NWs with similar diameters causes a significant variation of their resistance per unit length.
The highest resistance is obtained for the NWs with clean and crystalline sidewalls, whereas the S-passivated NWs are the most conductive NWs. Remarkably, such a trend is consistent with the depth of the accumulation layers measured for non-irradiated InAs surfaces prepared with different chemical treatments [28] .
Interestingly, it has been shown, theoretically and experimentally, that In adatoms on different
InAs surfaces act as donors and thereby cause the formation of a charge accumulation at the surface [29, 30] . As electron irradiation of the GaAs(110) surface produces vacancies consisting of Ga-As pairs [31] and, Langmuir evaporation of anions on similar surfaces is known to occur at room temperature [32] , we suspect the irradiation of the InAs sidewalls to substancially increase the initial concentration of isolated In adatoms on the clean and cristalline sidewalls of the bare InAs NWs. Assuming the binding of an In adatom to two As atoms and one In atom, the electron counting rule yields an occupied In dangling bond. As the related state is resonant with the conduction band [29] , the formation of In adatoms causes a partial filling of the conduction band, resulting in the creation of positively charged defects on the sidewalls of the NWs. Despite the scarcity of data for the oxidized and S-passivated irradiated InAs surfaces, the desorption of anions and the formation of cation adatoms are also very likely on these surfaces under irradiation and could lead to a similar surface accumulation layer, depending on the atomic configuration of the In adatoms.
In order to get insight into the electron distribution along the radial axis of the NWs, onedimensional numerial simulations have been performed [33] . To model the numerous interface states on the NW sidewalls, we therefore assumed a positive charge density n i at the NW surface and varied it in the range 10 11 to 10 15 cm -2 (surface atomic density of InAs{10-10}) to account for the generation of charged defects by the electron beam. 
